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观点而言，在常压下，该多相催化气相脱氢过程受高度吸热（∆H = 65 kJ/mol）
和热力学平衡限制。 
催化剂在环己醇脱氢制环己酮反应过程中起至关重要的作用。现行的环己醇
脱氢催化剂体系有两种：高温下(673~723 K)使用的 ZnO/CaCO3 催化剂和低温下
(473~523 K)使用的 Cu 系催化剂。然而该脱氢过程受到热力学平衡和 Cu 催化剂
在 553 K 就容易烧结的限制。因此，提高催化剂的低温活性和操作稳定性是 Cu
基催化剂开发中亟待解决的关键问题。   






1.环己醇脱氢制环己酮用 Sc2O3促进的 Cu-ZnO-Al2O3 基催化剂的研制 
用 Sc2O3 作为添加剂，研发出一种 Sc2O3 促进的共沉淀型 Cu-ZnO-Al2O3 基催
化剂，记为 CuiZnjAlk-xScx。该催化剂对环己醇脱氢制环己酮显示出优异的催化性
能。在组成经优化的 Cu6Zn3Al0.7Sc0.3 催化剂上，在常压、523 K、n(C6H11OH)/n(N2) 
= 1/19 和 GHSV = 43,200 mL/(h • g) 的反应条件下，环己醇脱氢的转化率达
53.7%，产物环己酮的选择性达 99.9%，相应的时空产率为 5,344 mg/(h • g)，这
个值是不添加 Sc2O3 的基质催化剂 Cu6Zn3Al1的相应值（4,222 mg/(h • g)）的 1.26
倍。 
 
2.环己醇脱氢制环己酮用 Sc2O3促进的 Cu-ZnO-Al2O3 基催化剂的表征 
(1) 两种催化剂Cu6Zn3Al0.7Sc0.3和Cu6Zn3Al1反应后准工作态试样的TEM图
















5 nm 上下；相比之下，不含 Sc 的催化剂，其 Cu 金属颗粒的粒径大得多（多数 ≥ 
10 nm）。SEM/EDX 测量结果显示，含 Sc 催化剂表面 O 的原子分数（37.20%）
只及不含 Sc 催化剂的对应值（46.14%）的 80%，暗示含 Sc 催化剂的表面 Cu 组
分（还原前均为 CuO）更多地被还原为低价或零价的 Cu 物种，Cux
0和 Cu2O。  
(2) 反应后准工作态催化剂的 XRD 测试结果显示，在所观测的 2 个试样中，
金属铜或其氧化物组分的存在形式主要是：金属 Cu (Cux
0
) (2θ = 43.3º，50.3º和
74.1º) 和 Cu2O (2θ = 36.4º)，ZnO 组分高度分散，其微晶相的含量几近在 XRD 检
测极限以下。添加 Sc3+的催化剂所含 Cux
0 和 Cu2O 两类微晶的平均粒径分别为
5.4 和 3.0 nm；不含 Sc3+的基质催化剂所含 Cux
0 和 Cu2O 两类微晶的平均粒径分




 (3) 反应后催化剂准工作态的 Cu(2p)-XPS 观测结果显示，准工作态催化剂
表面 Cu 物种主要是 Cu0 和 Cu+，相应的 Cu0(2p3/2, 1/2)和 Cu
+
(2p3/2, 1/2)的 XPS 峰分
别出现在 932.5/952.5 和 931.8/951.8 eV (B. E.)；Cu2+的相对含量在 XPS 检测极限
以下。含 Sc 与不含 Sc 的两种催化剂工作态表面的 Cu+和 Cu0 两种物种的相对含
量明显有别：前者为 Cu+/Cu0 = 43/57，后者为 Cu+/Cu0 = 10/90 (均为摩尔比)。这
多半是缘于 Sc3+的掺杂效应（见下文 3. Sc2O3添加剂促进作用的本质）。 
(4) H2-TPD 观测结果显示，在 498~823K 温度范围内，两种预还原催化剂上
与环己醇脱氢密切相关的 H2-TPD 曲线覆盖区的相对面积强度比为
S(Cu6Zn3Al0.7Sc0.3)/S(Cu6Zn3Al1)= 100/41，意味着 2 种催化剂工作态表面 H-吸附
位数量增加顺序是：Cu6Zn3Al0.7Sc0.3 > Cu6Zn3Al1 
 
3. Sc2O3 添加剂的促进作用本质 
本文研究结果表明，添加适量 Sc2O3 于 Cu-ZnO-Al2O3 催化剂中的确能显著
提高其催化环己醇脱氢制环己酮的反应活性和操作稳定性。Sc2O3 添加剂的促进
效应主要是缘于 Sc2O3在 ZnO 晶格中较高的溶解度。Sc
3+的离子半径（0.073 nm）
比 Al3+的 0.051 nm 更靠近 Zn2+的 0.074 nm，因而 Sc3+在 ZnO 晶格中的溶解度比
Al
3+大得多。 适量 Sc2O3 在 ZnO 晶格中的溶解将导致等价量正离子缺位形式的
















到 ZnO 晶格中（Cu+的离子半径长达 0.094 nm），那些源于 Sc2O3 在 ZnO 晶格中
的溶解产生的正离子缺位形式的 Schottky 缺陷于是将扩散到 ZnO 表面，在这里



























Cyclohexanone is an important intermediate of the chemical industry. Among its 
different applications, cyclohexanone is used as raw material for caprolactam 
manufacture, which is the monomer of nylon 6. Cyclohexanone is mainly produced 
through the catalytic dehydrogenation of cyclohexanol. From an industrial point of 
view, the heterogeneous catalytic gas-phase dehydrogenation, at atmospheric pressure, 
is severely restricted by highly endothermic reaction (∆H = 65 kJ/mol) and 
thermodynamic equilibrium. 
In the dehydrogenation of cyclohexanol to cyclohexanone reaction, catalysts play 
a crucial role. There are two methods for dehydrogenation of cyclohexanol, a high 
temperature reaction (673~723 K) using ZnO/CaCO3 catalysts and a low temperature 
reaction (473~523 K) using Cu-containing catalysts. However, the conventional 
dehydrogenation process is severely constrained by thermodynamic equilibrium apart 
from sintering of Cu metal beyond 553 K. The activity, especially operating stability, 
of the Cu-containing catalyst is thus critical in determining the catalytic performance. 
In the present work, a type of Sc2O3-promoted Cu-ZnO-Al2O3 catalyst was 
developed. The catalyst displays excellent performance for dehydrogenation of 
cyclohexanol to cyclohexanone, compared to the corresponding Sc-free counterpart. 
The catalyst was characterized by means of TEM, SEM\EDX, XRD, XPS, H2-TPD, 
N2O-TPR, and the nature of the promoter action by Sc2O3 was discussed.  
The progress obtained in the present work was briefly described as follows. 
 
1. Sc2O3-promoted Cu-ZnO-Al2O3 based catalyst for dehydrogenation of 
cyclohexanol to cyclohexanone. 
A type of Sc2O3-promoted Cu-ZnO-Al2O3 based catalyst was prepared by a 
















dehydrogenation of cyclohexanol to cyclohexanone. Over a Cu6Zn3Al0.7Sc0.3 catalyst 
under the reaction conditions of atmospheric pressure, 523 K, n(C6H11OH)/n(N2) = 
1/19 and GHSV = 43,200 mL/(h • g),the conversion of cyclohexanol dehydrogenation 
reached 53.7%, with the STY of cyclohexanone being 5,344 mg/(h • g); the two value 
both were 1.26 times those corresponding value, 42.4% and 4,222 mg/(h • g), of 
Sc2O3-uncontaining Cu-ZnO-Al2O3 catalyst.  
 
2. Characterization of Sc2O3-promoted Cu-ZnO-Al2O3 based catalyst  
(1) The TEM observation of the two used catalysts of Cu6Zn3Al0.7Sc0.3 and 
Cu6Zn3Al1 showed that the particle size of the Cu crystallites was estimated to be 5 
nm and 10 nm respectively. The results of the corresponding EDX measurement 
indicated that the doping a minor amount of Sc2O3 into Cu-ZnO-Al2O3 catalyst led to 
a decrease by an appreciable amount in mol% of oxygen at the quasi-functioning 
surface of the used Cu6Zn3Al0.7Sc0.3 catalyst, implying an obvious of increase of 
mol% of the CuO reduced to Cux
0 
and Cu2O. 
(2) XRD measurements of the tested catalysts showed that the Cu-component 
existed in the form of metal Cu (Cux
0
) at (2θ = 43.3º, 50.3º和 74.1º) and Cu2O (2θ = 
36.4º), while the content of ZnO-phase was under the XRD-detection limit. For the 
tested Cu6Zn3Al0.7Sc0.3 catalyst, the average grain-size of Cux
0
 and Cu2O was 5.4 and 
3.0 nm; For the Sc-free Cu6Zn3Al1 catalyst, the average grain-size of Cux
0
 and Cu2O 
was 9.5 and 3.2 nm. These results were in line with the marked difference in the TEM 
images and metal Cu(Cux
0
) surface area. 
(3) XPS measurements of the tested catalysts revealed that little marked 
difference in the Zn(2p)-XPS spectra but a certain difference in the Cu(2p)-XPS 
spectra, existed among the two catalysts in the position and shape of the XPS peaks 
associated with the Cu species. The results of analysis-fitting of those XPS spectra 


















) = 10/90.  
















Cu6Zn3Al0.7Sc0.3 catalyst could adsorb considerable greater amount of H2 than the 
Cu6Zn3Al1 catalyst. The ratio of relative area-intensities of H2-TPD profiles for those 
catalysts in the temperature region of 498~823K was estimated to be: 
S(Cu6Zn3Al0.7Sc0.3)/S(Cu6Zn3Al1)=100/41. This implied that the sequence of the 
increasing H-adsorption sites at the functioning surface of those catalysts was: 
Cu6Zn3Al0.7Sc0.3>Cu6Zn3Al1. These results were in line with the observed sequence of 
reactivity for dehydrogenation of cyclohexanol to cyclohexanone. 
 
3. The nature of the promoter action by Sc2O3 additive 
It was found that appropriate incorporation of a minor amount of Sc2O3 into 
Cu-ZnO-Al2O3 based catalyst can improve the activity and operating stability of the 
catalyst for dehydrogenation of cyclohexanol to cyclohexanone. Characterization of 
the catalyst revealed that the pronounced modification action of Sc
3+
 may be due to 
the high solubility of Sc2O3 in ZnO lattice. Solution of a small amount of Sc2O3 in 
ZnO lattice resulted in the formation of Schottky defects in the form of cationic 




 clusters can be better stabilized 
through the Cu
+
 accommodated at the surface vacant cation-sites. This would be 
conducive to inhibiting the aggregation and sintering of the catalytically active Cux
0
 
nano-particles and preserving high dispersion degree of Cu composition, thus, 
markedly improving the activity and operating stability of the catalyst.  
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如表 1.1 所示。 
表 1.1 环己酮的物理参数 
Table 1.1 The physical parameters of cyclohexanone. 
物理性质 熔点 沸点 闪点 折射率 相对密度(水=1) 






























表 1.2 2008 年国外生产环己酮的主要公司 
Table 1.2 The major foreign companies for producing cyclohexanone in 2008. 
公司 DSM BASF Honeywell Capro 宇部兴产 住友化学 总计 
生产能力
(万吨/年) 
56 53 36 24 30 17 216 
2010 年世界己内酰胺生产能力达到 485 万吨，产量为 450 万吨，对应的环












消费结构中，己内酰胺占 60%，涂料工业 15%，橡胶助剂 7%，其它占 18% 。 





























苯酚液相催化加氢法中，Liu 等[6]用商业催化剂 Pd/C、Pd/Al2O3、Pd/NaY 与路
易斯酸 AlCl3、ZnCl2、InCl2 协同作用，促进苯酚一步法合成环己酮，路易斯酸
的存在有效地抑制了环己酮过度还原成环己醇，极大地提高了反应的选择性。 
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